Abstract: In this work, head movements for three human subjects were measured simultaneously during head-related transfer function (HRTF) measurement for a period of 95 min each. The subjects' heads moved in all directions during measurements. Excessive head movements were observed in the pitch and yaw directions. Head movements in the roll direction were small for all subjects. Specifically, the head position at the beginning and end of HRTF measurement differed by less than 1 in roll but by as much as 10 in pitch and yaw. Consequently, HRTFs for the front position measured at the beginning and the end of the measurement session differed by 4-6 dB in spectral distortion. These results reveal that when no head-support aids are used, HRTFs might contain large errors attributable to head movement.
INTRODUCTION
Virtual three-dimensional (3D) sounds are reproducible using head-related transfer function (HRTF)-based signal-processing technologies. An HRTF is the acoustic transfer function from a sound source to the ear [1] . By convolving a pair of HRTFs of a certain azimuth, elevation, and distance with a sound-source signal, virtual sound sources can be positioned anywhere in a 3D space [2] [3] [4] . Because the HRTF depends on the head, pinnae, and body shapes, each person's HRTF is unique. Without their own HRTFs, listeners perceive a distorted virtual 3D sound space [5, 6] . For this reason, many HRTF sets have been measured with various real heads as well as dummy heads [7] [8] [9] [10] . However, HRTF sets are not identical even when measured repeatedly with the same person. Known factors that change HRTFs are the room temperature and humidity where they are measured [11] , the instability of the HRTF measurement system, and a subject's head movements during HRTF measurement. Among these factors, subject's head movements are crucial.
Hirahara et al. measured HRTFs repeatedly for three subjects and dummy heads [12] . The HRTFs of each subject differed by 2.6-4.4 dB in repeated measurements, whereas those of the dummy heads differed by 1.5-2.5 dB when the dummy head was installed in at the same position in each measurement session. Møller et al. reported three repeated measurements of subjects' HRTFs [13] . In these measurements, subjects stood on a rotatable platform in a natural upright position. A small backrest mounted on the platform was used to help each subject to remain still. Furthermore, subjects were able to correct their head azimuth position by monitoring a paper marker attached on the top of their head via a video system. The results were judged to be repeatable, although HRTF variations were not negligible at high frequencies and for the side opposite to the sound source. Riederer investigated the effect of various static head poses and head movements in measured HRTFs [14] . His subjects, seated in a chair attached to a rotating turntable, were monitored constantly using video cameras during the HRTF measurements. He concluded that a slanted head position and head movements change HRTFs by approximately 1 dB/1
. He also noted that heavy nodding occasionally occurs in the case of a sleepy subject.
Although head movement during HRTF measurement is inevitable, little attention has been paid to its effect in the measurement. In fact, no data have yet been reported on the head movement during HRTF measurements over an hour and on its effects on measured HRTFs. It is, therefore, worth investigating the head movement during HRTF measurements, because the reproducibility or precision of measured HRTFs can be improved by determining the characteristics of head movement. In this paper we report the degree to which a human subject moves the head during HRTF measurements taken over 95 min and the manner in which head movement affects the measured HRTFs.
METHOD

Head Movement Measurement
A subject's head posture is detected using a head tracker (Fastrak; Polhemus Inc.) tied to the top of the subject's head with string ( Fig. 1) . The head tracker size is 16 Â 16 Â 16 mm. The head tracker detects the posture data, i.e. yaw, pitch, and roll angles, at a 120-Hz sampling rate with an angular accuracy of 0. 5 . The head posture data are recorded during an entire HRTF measurement session, which lasts approximately 95 min. The head posture can be altered by movement of the spine. The effect of spine movement is assumed, however, to be small during the measurement, because a subject sits on a chair with his spine pressed against the back of the chair. Thus, the head posture was measured using yaw, pitch, and roll angles.
Measurements are carried out in an anechoic room. The initial head position is calibrated using three laser pointers; the laser pointers are aligned so that the three laser beams are on the same horizontal plane; the left and right laser beams are adjusted so as to be on the same axis and to be orthogonal to the front laser beam. The front laser beam coincides with the center axis of the loudspeaker positioned in front of the subject.
A subject is asked to sit on the chair in a position in which he is confortable with his spine pressed against the back of the chair. Then the chair direction and height are adjusted so that the front laser beam points at the pronasale of the subject and the left and right laser beams point at his left and right tragions, respectively. Subsequently, without using head-fixing tools, the subject is asked to keep his head as still as possible during HRTF measurements. To make this easier, the subject is also asked to gaze at a fixed point marked on the wall in front of him during the measurement, which is a large 'X' mark drawn on an A4-sheet of paper. The height of the mark is slightly above the subject's eye-level, i.e. at an angle of elevation of approximately 4.5 . Three adult male subjects participated in the experiments. Their HRTFs were measured two to four times to verify the reproducibility of the measured HRTFs. Their head movement was measured simultaneously in one or two of the HRTF measurement sessions.
HRTF Measurement
The HRTFs were measured in an anechoic room at NTT Communication Science Laboratories, Atsugi, Japan. The anechoic room is fully air-conditioned and the background noise level is lower than 10 dB even when the air conditioner is turned on. The room temperature was maintained at approximately 20 C during the experiments. The distance from the center of each subject's head to the sound source was 1.2 m. The range of the measurement was 0
350
in the azimuth angle and À40
' 90 in the elevation angle '. Each measured position in the median plane and horizontal plane was set at an interval of 10 . Other measured positions were set at intervals of less than 20 between adjacent positions in the azimuth and elevation directions. A total of 143 HRTF measuring positions were used.
The HRTFs were measured with both external ear canals blocked with microphone-embedded earplugs. The small electret condenser microphone (WM-62AT; Panasonic Inc.) embedded in the earplug, which was made of silicon impression material, was placed near the external ear canal entrance. Individual earplugs were prepared for each subject.
Prior to HRTF measurement, it was confirmed using laser pointers that both the tragus and the tip of the nose were correctly positioned. An optimized time-stretched pulse (OATSP) signal [15] of 32,768 points with a sampling frequency of 48 kHz was used to measure the HRTFs. At each position, 14 TSP signals were emitted successively, which lasted about 10 s. However, only the responses for the last 10 TSP signals were used for averaging to avoid subjects' reflex movements caused by the sound. A loudspeaker was automatically positioned using a traverse system. The loudspeaker moves at approximately 10 /s in the azimuth and 1 /s in the elevation direction. The travelling time of the loudspeaker from one position to the next is not constant, because the 143 HRTF measuring positions are not placed equiangularly. In the horizontal plane, HRTFs are measured at azimuth angles with a 10 interval. On the median plane, namely, at azimuth angles at 0 and 180 , HRTFs are measured at different elevation angles with a 10 interval. HRTF measurement at each position starts when the loudspeaker has moved to the correct position and the traverse arc vibration has diminished sufficiently. The vibration is caused by the traverse arc rotation itself and the loudspeaker travelling on the traverse arc. The interval between successive HRTF measurements is, therefore, determined by the loudspeaker travelling time plus the waiting time for the traverse arc vibration to subside. Although the minimum waiting time required for the vibration to subside is 10 s, it is set at 30 s by increasing the waiting time so as to make the interval as regular as possible. In consequence, 68% of the HRTFs are measured at an interval of 30 s, while the maximum interval is 90 s.
The sequence of loudspeaker movements in each HRTF measurement session is as follows. First, the loudspeaker is placed at directly in front of the subject and the HRTF for (azimuth, elevation) = (0 , 0 ) is measured. Next, the loudspeaker moves to an upward right position (40 , 50 ) by rotating the traverse arc 40 to the right and by moving the loudspeaker upward to an elevation of 50 simultaneously. Then HRTFs are measured for the azimuth angle of 40 at elevation angles of 50 , 20 , 0 , À10 , and À20 . For a given azimuth angle, the loudspeaker moves so that the angle of elevation is monotonically increased or decreased. When HRTF measurements for the azimuth angle of 40 have been completed, the loudspeaker moves to the position (30 , À40
). Then the HRTF measurement for the azimuth angle of 30 starts. In this manner, HRTFs are measured for all 143 positions. Finally, the loudspeaker moves to (0 , 0 ), where the HRTF is measured again. The HRTFs for (0 , 0 ) measured at the beginning and end of each measuring session are simply used for verifying the reproducibility of the measured HRTF data.
The HRTFs were measured four times each for subjects 1 and 2 and twice for subject 3. In addition, HRTFs were measured four times for a life-size cast dummy head of subject 1 [16] .
The difference among the HRTFs was evaluated using the spectral distance SD [dB], defined as 3. RESULTS
Effect on HRTF of Wearing a Head Tracker
The differences among HRTFs in repeated measurements of the dummy head were less than 0.5 dB; the dummy head's position did not change, nor did it move at all during the HRTF measurements. The temperature and humidity of the anechoic room were kept almost constant during the HRTF measurements. Therefore, we assume that this difference resulted from the overall instability of the entire HRTF measurement system.
The difference between the HRTFs of the dummy head with and without wearing a head tracker was 0.7 dB. Because this value is comparable to that of measurement system instability, the effects of wearing the head tracker can be considered negligible in the following HRTF comparisons.
Head Movement during HRTF Measurement
Figures 2(a)-2(d) show roll, pitch, and yaw headmovement angles (left column) and a normalized histogram of the movement angles (right column) of the three subjects during HRTF measurements. Subject 1 kept his head reasonably still for the first 9 min, but his head began to move thereafter. The head moved between À24 to +27 in roll, À5:7 to +21 in pitch, and À2:5 to +6.2 in yaw. The head position differed by 23 in roll, 13 in pitch, and 6.2 in yaw between the beginning and the end of the HRTF measurement session. The standard deviations of the head movements were, respectively, 6.7 , 4.0 , and 1.5 for roll, pitch, and yaw. Subject 2's head movement was measured twice to observe the effect of fixing the head tracker cable. In the first measurement, Subject 2 kept his head almost still for the first 10 min, except in the pitch direction, but his head began to move thereafter. The head moved between À16 to +2. 8 in roll, À13 to +25 in pitch, and À22 to +13
in yaw. The head position differed by À4:4 in roll, 24 in pitch, and À5:6 in yaw between the beginning and end of the HRTF measurement session. The standard deviations of the head movements were, respectively, 1.7 , 6.2 , and 2.6 for roll, pitch, and yaw. In the second measurement, Subject 2 kept his head almost still for the first few minutes but the head began to move thereafter. The head moved between À4:5 to +1.8 in roll, AE14 in pitch, and À8:0 to +1.7 in yaw. The head position was the same in roll but differed by 7.1 in pitch and 5.0 in yaw between the beginning and the end of the HRTF measurement session. The standard deviations of the head movements were, respectively, 0.97 , 3.9 , and 1.7 for roll, pitch, and yaw. Subject 3 kept his head almost still for the first 5 min, but his head began to move thereafter. Subject 3's head movement was smaller than that of the other subjects. The head moved slowly between AE2:3 in roll, À3:6 to +12
in pitch, and À7:2 to +4.3 in yaw. The head position was the same in roll but differed by 11 in pitch, and À3:2 in yaw between the beginning and end of the HRTF measurement session. The standard deviations of the head movement were, respectively, 0.5 , 2.9 , and 2.4 for roll, pitch, and yaw. Subject 1's head moved gradually to the right and upward during measurement. For this subject, the head was pulled to the right and backward by the head tracker cable because the cable was not fixed to the chair. The subject reported that he had tried to keep his head stationary during the measurement but that he had been unable to. The same tendency was observed in the first measurement with subject 2. Subject 2's head moved rapidly and varied considerably in pitch, and moved gradually to the right during the measurement. The subject reported that he had tried to keep his head still by resisting the tensile force exerted by the head tracker cable during the measurement but that he had been unable to. Therefore, the large gradual head movements for roll and pitch shown in Fig. 2(a) and those for pitch seen in Fig. 2(b) are artifacts. In subsequent measurements, the head tracker cable was fixed to the chair. Subjects 2 and 3 did not report any tensile force exerted on the head. In the second measurement, subject 2's head moved rapidly and varied considerably in the pitch direction. However, this excessive head movement did not always occur. Figure 3 shows the head-movement trajectory in detail for subject 2 shown in Fig. 2(c) , with a magnified timescale between 13 and 20 min and between 47 and 54 min. As shown in Fig. 3 , pitch movement occurred intermittently. Subject 2 reported that he had tried to keep his head still when TSP signals were emitted and that he had relaxed when the loudspeaker was moving from one HRTF measurement position to the next. Figure 4 shows subject 2's HRTFs for the front position measured at the beginning and end of the 95 min HRTF measurement session. Clearly, the HRTFs are not identical for the two measurements. The left ear's HRTF spectral notch frequencies in the end measurement are lower than those at the beginning. Furthermore, the right ear's HRTF spectral notch at approximately 6.5 kHz in the end measurement is shallower than that at the beginning. The HRTF spectral differences, i.e. SD, between the beginning and end measurements are 3.9 dB for the left ear and 6.1 dB for the right ear. SD for the 143 positions are, respectively, 3.5 dB and 3.3 dB for the left and right ears.
Effect of Head Movement on HRTFs
DISCUSSION
The results illustrate that the head moves greatly during HRTF measurement. From subject 2's second measurement data (Fig. 2(c) ) and subject 3's data (Fig. 2(d) ), we can see that the head positions at the beginning and end of 95 min HRTF measurement differed by less than 1 in roll but by as much as 10 in the pitch and yaw directions. Clearly, measured HRTFs include variations attributable to such head movement. However, it is natural that humans cannot maintain a fixed head position for a long period and that HRTFs therefore vary according to head position differences. The more strictly the acoustical conditions are controlled, the smaller the expected variation in HRTFs. However, strict acoustical conditions often result in neck pain in subjects because considerable effort is required by them or more time is necessary to complete the HRTF measurement. For our subjects, the maximum time for which they were able to remain still was about 5 min when the head was not pulled by the head tracker cable, whereas it was 10 min when the head was pulled by the head tracker cable. A small amount of tension appeared to help the subjects keep their head still for a short period.
Yairi measured head movements over 5 min while four subjects listened to music [17] . He reported that for each subject the head continually moved slightly, even when a subject was relaxed and appeared to keep the head still. His data show that head movements were large in the roll and pitch directions, whereas those in the yaw direction were small. Our results obtained from a much longer measurement period show that head movements are large in the pitch and yaw directions, whereas those in the roll direction are small, which does not coincide with Yairi's results.
To lessen the subject's head movement during HRTF measurements, the use of an aid to hold an position the head, such as a headrest or chin support, is expected to be helpful. Several researchers have used such aids for HRTF measurements [8, 18] . In such cases, the acoustic effects of the aid on HRTFs must be evaluated. Unfortunately, such evaluations have never been reported in detail. With regard to the Tohoku University RIEC HRTF database, the subject sat on the floor with his head fixed using a small headrest [8] . The size of the headrest and its interference on the measured HRTF, however, were not described in the literature. With regard to the Nagoya University HRTF database, Nishino told the authors that the subject sat on a chair with his body and head fixed by belts. The method of fixing the subject's head, the size of the fixing belts, and their interference on measured HRTF, however, are not described in the literature [18] . With regard to the CIPIC HRTF database, the subject's head was not constrained during HRTF measurement, but the subject was able to monitor his or her head position [9] . The use of such voluntary head-position correction is also effective. It ensures correct positioning of the head and is expected to help reduce variations in the measured HRTF. Nevertheless, it takes more time to complete such measurements.
The use of a fast loudspeaker traverser system is apparently effective for reducing variations in the HRTF because the total HRTF measurement period is shortened. Middlebrooks measured HRTFs for 400 positions in 8.5 min using a Golay code signal and small baffleless loudspeakers on a rotatable hoop [19] . Recently, Zotkin et al. built a fast HRTF measurement system based on the reciprocity theorem [20] . The HRTFs are measured by placing a miniature loudspeaker in a subject's ears, deploying a network of microphones around the subject's head, and recording the signal at all the microphones in parallel. Using this system, we can obviate head-movement issues from HRTF measurements.
The head-movement data shown in this paper might be specific to the authors' HRTF measuring procedure as well as to the subjects. In addition, the data might lack versatility as the number of subjects is small. The data, however, reveals that the head moves considerably during the measurement and that the measured HRTFs have a high margin of error. With the knowledge of these facts, authors can now use their measured HRTFs as they are. HRTFs measured elsewhere should hopefully be assessed for margins of error caused by head movement during the measurements. Among existing HRTF databases, neither the data on a subject's head movement during HRTF measurement nor the data on the reproducibility of measured HRTFs are well documented in the literature.
CONCLUSION
In this work, head movements for three human subjects were measured simultaneously during HRTF measurement for a period of 95 min. Without head support, it was difficult to maintain a fixed head position. In fact, the human subjects' heads moved in all directions; the pitch movement was the largest among roll, pitch, and yaw. Head positions at the beginning and end of HRTF measurement differed by less than 1 in roll but by as much as 10 in the pitch and yaw directions. As a result, HRTFs for the front position, measured at the beginning of each measurement session, differed by 3.9 dB for the left ear and by 6.1 dB for the right ear from those at the end of the measurement session. The HRTF spectral differences for the 143 positions were, respectively, 3.5 dB and 3.3 dB for the left and right ears. Consequently, it must be recognized that HRTFs measured without using head-support aids are likely to have a high margin of error because of head movements.
